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(54) Inductor for use with electronic oscillators 

(57) The disclosed method comprises: forming an 
outer and an inner spiral coil (402,404) in an integrated 
circuit substrate, the second coil being proximate to the 
first coil, such that a first coil magnetic flux will link with 
a second coil magnetic flux; connecting a first and a sec- 
ond electrical source respectively to first and second 
coils; and energizing the electrical sources such that 
currents in the first and the second coils are matched. 



The apparatus comprises: a composite spiral inductor 
(400) formed within a substrate having at least an outer 
spiral coil (402) and an inner spiral coil (404), each with 
associated inductance and resistance, first and second 
coils being formed such that when currents in first and 
second coils are matched, a new and greater first coil 
inductance is produced. An electronic oscillator can be 
formed by placing the apparatus in electrical connection 
with at least one capacitor formed in the substrate. 
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Description 

[0001] The present invention relates, in general, to a 
method and apparatus for creating improved inductors 
capable of being operated at relatively low voltage levels 
and further capable of being implemented on an inte- 
grated circuit chip. Specifically, the present invention re- 
lates to a method and apparatus for creating improved 
inductors, capable of being operated at relatively low 
voltage levels and further capable of being implemented 
on an integrated circuit chip, and which can be adapted 
for use with electronic oscillators and thereby provide 
an improved Q factor for electronic oscillators. 
[0002] An electronic oscillator is a device or circuit 
that produces a periodically varying output at a control- 
led frequency. The electronic oscillator's output can be 
either voltage, current, or an electromagnetic wave. 
[0003] Electronic oscillators may be either passive or 
active. Passive electronic oscillators are electronic cir- 
cuits composed of passive electrical components. Ac- 
tive electronic oscillators are electronic circuits com- 
posed of at least one active electrical component, and 
any number of passive electrical components. Passive 
electrical components are those components which 
cannot independently generate electrical energy. Active 
electrical components are those components which can 
independently generate electrical energy. 
[0004] Ideally (i.e., mathematically), electronic oscil- 
lators generate electrical energy precisely at a prede- 
fined controlled frequency. Practically (i.e., in the actual 
physical world), electronic oscillators generate electrical 
energy concentrated around a predefined controlled fre- 
quency; that is, actual (as opposed to mathematical) 
electronic oscillators do not generate electrical energy 
precisely at a predefined controlled frequency, but rath- 
er tend to generate electrical energy within a "band" of 
frequencies spanning some predefined controlled fre- 
quency range. This is true irrespective of whether pas- 
sive or active electronic oscillators are considered. 
[0005] Generally, when either passive or active elec- 
tronic oscillators are actually built, the objective is to 
make such actual electronic oscillators approximate, as 
nearly as possible, their ideal mathematical equivalents. 
That is, an attempt is made to (1) make the "band" of 
frequencies spanned by the actual oscillator as narrow 
as possible, and (2) center that "band" of frequencies 
as nearly as possible about the predefined controlled 
centerline frequency of the ideal mathematical electron- 
ic oscillators that the actual electronic oscillator is in- 
tended to emulate. 

[0006] Insofar as the objective in building an actual 
passive or active electronic oscillator is to approximate 
the actual electronic oscillator's mathematical counter- 
part, the "quality" of such actual electronic oscillator is 
assessed relative to how closely such actual electronic 
oscillator approximates its ideal mathematical counter- 
part. The "center frequency" of an actual electronic os- 
cillator is defined to be that frequency where the output 



electrical power of the actual electronic oscillator is at a 
maximum. The usable "bandwidth" of an actual elec- 
tronic oscillator is defined to be that range of frequen- 
cies, centered about the defined "center frequency," 
5 where the output electrical power has dropped to one- 
half the value of the maximum output electrical power 
(i.e., the defined "center frequency"). The "quality" of an 
actual electronic oscillator is described quantitatively in 
terms of a "Quality Factor" (Q Factor) which is defined 
10 to be the ratio of the defined "center frequency" to the 
defined "bandwidth." In symbols, the Q factor is typically 
expressed as follows: Q = a\/(co^ - o^), where <Hq stands 
for the "center frequency" of the oscillator, and (c^ - c^) 
stands for the "bandwidth" of the oscillator. 
is [0007] With respect to actual oscillator design, then, 
the objective is to build an oscillator with as high a "qual- 
ity," or Q Factor, as is practicable, since the higher the 
Q Factor, the more closely the actual oscillator approx- 
imates a mathematically ideal oscillator. As defined, the 
Q Factor is a mathematical formula requiring both the 
defined "center frequency" and the defined "bandwidth" 
of an actual oscillator. In practice, the "center frequency, 
" defined "bandwidth," and thus the Q Factor of actual 
oscillators are assessed by use of a spectrum analyzer. 
[0008] A spectrum analyzer is device which visually 
depicts the electrical power of a signal distributed over 
a range of frequencies. In the visual display portion of a 
typical spectrum analyzer, such distribution of electrical 
power in a signal is displayed by means of a graph. The 
horizontal axis of the graph is marked using units of fre- 
quency, and the vertical axis of the graph is marked us- 
ing units of power per unit of frequency. Using this graph, 
the power of an actual oscillator's output can be plotted 
over a range of frequencies. Typically, the power versus 
frequency plot for an actual oscillator will appear as a 
"bell shaped" curve with the apex of the "bell shaped" 
curve corresponding to the "center frequency," as de- 
fined above, and with the "bandwidth" consisting of that 
range of frequencies within which is contained one-half 
(V?) the total power within the output of the oscillator as 
is represented by the area under the curve. 
[0009] The better an actual oscillator is, the narrower 
such oscillator's "bell shaped" curve will appear on a 
spectrum analyzer. This is true because a higher Q fac- 
tor generally connotes a smaller defined "bandwidth," 
which indicates that the majority of electrical energy pro- 
duced by the oscillator is concentrated about the prede- 
fined controlled frequency, with respect to a spectrum 
analyzer, such higher Q Factors translate to narrower 
"bell shaped" curves, since the "bandwidth" (frequency 
band which contains one-half (34) the total power con- 
tained within the output of the oscillator) is narrower for 
higher Q Factors. 

[0010] In practice, it has been found that one of the 
most significant factors which broadens, or spreads, the 
"bandwidth" of an oscillator is the time -domain "jitter" of 
the oscillator. The mathematically ideal oscillator, de- 
scribed above, produces an output waveform of some 
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predefined controlled frequency. The frequency of a 
waveform is defined to be one divided by the period of 
time that elapses between successive wave crests of 
the output waveform. In the mathematically ideal oscil- 
lator the period of time between any two successive 
wave crests in the mathematically ideal oscillators out- 
put waveform is always the same. Unfortunately, this is 
not the case with actual oscillators. 
[0011] In actual oscillators, the period of time between 
any two successive wave crests in an actual oscillator's 
output waveform varies. In the context of electronic os- 
cillators, the term utilized to describe this phenomenon 
of abrupt variations in the periods of an oscillator's suc- 
cessive output waveforms is time- domain "jitter." 
[0012] This "jitter" is responsible for the "spread" of 
the "bell shaped" curve of an actual oscillator, as such 
output appears on a spectrum analyzer. That is, be- 
cause each such variation in period constitutes a wave 
of different frequency, the power output of the oscillator 
will appear as spread over the range of frequencies 
present when such output is viewed via spectrum ana- 
lyzer The more numerous the different frequencies pro- 
duced by the oscillator (i.e., the higher the time-domain 
"jitter"), the larger the frequency range over which the 
output of the oscillator is spread, and, consequently, the 
wider the "bandwidth," and thus the lower the Q Factor 
of the oscillator. Thus, from the standpoint of oscillator 
design it is important that such time domain "jitter" be 
kept as low as practicable in order to provide the best 
Q Factor possible within design constraints. 
[0013] As can be seen from the foregoing, both "Q 
Factor" and time-domain "jitter" are alternate and in- 
verse ways of describing the accuracy of an actual os- 
cillator; that is, a high Q factor implies relatively low time- 
domain "jitter," and vice versa. 
[001 4] The accuracy required of an actual oscillator is 
dictated by the application in which the oscillator will be 
used. One type of application which requires oscillators 
having significant accuracy is the adaptation of electron- 
ic oscillators for use as a clock in a data -processing sys- 
tem. 

[001 5] A clock in the data-processing system is a de- 
vice that generates periodic, accurately spaced signals 
used for various purposes such as timing, synchroniza- 
tion, and regulation of the operations of a data processor 
within the data-processing system, or the generation of 
interrupts. Since electronic oscillators, by definition, pro- 
duce periodic accurately spaced signals, it is common 
to adapt them for use as clocks in data-processing sys- 
tems. 

[0016] Both passive and active electronic oscillators 
are used as clocks in data-processing systems. For da- 
ta-processing systems requiring clock speeds of 200 
MHZ and below, it is common to use active oscillators 
to provide the clock signal. Typically, such active oscil- 
lators are in the form of what are known in the art as 
"ring oscillators." While there are different forms of "ring 
oscillators," the basic form of such oscillators is that of 



differential-type inverters which have gain and/or a total 
phase delay of a negative one-hundred-eighty (-180) 
degrees. As stated, such active oscillators tend to work 
well for clock speeds of 200 MHZ and below; however, 
s for data-processing systems requiring clock speeds 
greater than 200 MHZ, such active oscillators are gen- 
erally too inaccurate to provide such required clock 
speeds in that such active oscillators have unacceptably 
high levels of time-domain "jitter" and correspondingly 
10 low Q factors. 

[0017] The primary sources of such unacceptably 
high levels of time-domain "jitter," and correspondingly 
low Q Factors, are inherent in the components utilized 
to construct such active oscillators. Under the current 
is state of the art at least one of the primary noise sources 
cannot be eradicated in that it arises from thermal noise 
in the inverter transistors, which is a physical property 
inherent in the materials used to construct the inverter 
transistors. Furthermore, while a second primary noise 
source (time-domain "jitter" arising from variations in 
power supply voltage supplied to the active inverters) 
can be reduced by careful control of the power supply 
voltage, it cannot be eradicated and will in fact become 
a significant source noise at high frequencies (e.g., 
those frequencies starting in the 600-800 MHZ range 
and extending to the 1 GHz range and beyond). In ad- 
dition to these two primary sources of noise, there are 
additional sources of noise which are also inherent in 
the components utilized to construct such active oscil- 
lators, such as substrate coupling in the oscillator when 
it is operating on a digital chip, or additional background 
coupling through the substrate ("ground bounce") which 
also cannot be eradicated due to the fact that such noise 
sources are inherent in the components utilized to con- 
struct such active oscillators. 

[0018] Within the art, integrated circuit designs are 
trending toward lower and lower voltages; for example, 
integrated circuit designs are currently moving from 1 .8 
volts to 1 .5 volts. This trend makes the previously-noted 
significant noise contributors even more significant. 
Present methods attempting to offset such noise contri- 
butions have included providing a special supply voltage 
of 2.4 volts to the oscillator itself. However, such meth- 
ods begin to fail near the 600-800 MHZ range. 
[001 9] Attempts have been made within the art to de- 
velop other types of active oscillators which do not have 
the foregoing noted noise source problems. One such 
type of oscillator that has been developed is the surface 
acoustical wave (SAW) oscillator. The SAW-type oscil- 
lators tend to be very accurate, with very high Q factors. 
However, such SAW-type oscillators are not without 
practical problems. For example, (1) SAW-type oscilla- 
tors generally require a two chip implementation, which 
can be very inconvenient in a data-processing system 
context; (2) the SAW- type oscillators are best tuned to 
frequencies within the 200-800 MHZ range, although 
some manufacturers are currently offering SAW-type 
oscillators up to 1.2 GHz; (3) SAW-type oscillators are 
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very sensitive to temperature changes; (4) the frequen- 
cy output of such SAW-type oscillators tends to vary with 
temperature; and (5) SAW-type oscillators typically 
have no tunability, which means they cant account an 
one-frequency-only formats. Furthermore, SAW-type 
oscillators tend to be relatively expensive, especially in 
the very high frequency range. 
[0020] In light of the foregoing, it is apparent that a 
need exists for a method and apparatus for creating an 
improved inductor, capable of being operated at rela- 
tively low voltage levels and further capable of being im- 
plemented on an integrated circuit chip, which can be 
adapted for use with an electronic oscillator and which 
can provide such an oscillator with a relatively high Q 
factor and correspondingly low time-domain "jitter". 
[0021] The present invention accordingly provides a 
method and apparatus for creating an improved induc- 
tor, capable of being operated at relatively low voltage 
levels and further capable of being implemented on an 
integrated circuit chip, and which can be adapted for use 
with an electronic oscillator. 

[0022] The present invention provides a method and 
apparatus for creating an improved inductor, capable of 
being operated at relatively low voltage levels and fur- 
ther capable of being implemented on an integrated cir- 
cuit chip, which can be adapted for use with an electron- 
ic oscillator, and which thereby provides an improved Q 
factor and correspondingly low time-domain jitter for an 
electronic oscillator. 

[0023] The present invention provides a method and 
apparatus for creating improved inductors which can be 
adapted for use with electronic oscillators. The method 
includes at least the following: forming a first coil in an 
integrated circuit substrate; forming a second coil in the 
integrated circuit substrate, such that the second coil is 
proximate to the first coil and such that a magnetic flux 
from the formed first coil will link with a magnetic flux of 
the formed second coil; connecting a first electrical 
source to the first coil; connecting a second electrical 
power source to the second coil; and energizing the first 
and second electrical power sources such that the cur- 
rents in the first and the second coils are matched. The 
apparatus includes an integrated circuit having at least 
the following: a substrate; a composite inductor formed 
within the substrate having at least a first coil with an 
associated first coil inductance and first coil resistance 
and a second coil with an associated second coil induct- 
ance and second coil resistance, with the first coil and 
the second coil formed in the substrate such that when 
a current in the first coil is matched with a current in the 
second coil, a new inductance associated with the first 
coil is produced that is in excess of the first coil induct- 
ance. The apparatus can be utilized to form an oscillator 
implemented in an integrated circuit by placing the ap- 
paratus in electrical connection with at least one capac- 
itor formed in the substrate such that an electronic os- 
cillator is formed. 

[0024] An embodiment of the present invention will 



6 

now be described by way of example, with reference to 
the accompanying drawings, in which: 

Figure 1 shows a typical LC oscillator circuit; 

5 

Figure 2 illustrates an RLC structure; 

Figure 3A illustrates a perspective drawing of a spi- 
ral inductor 300 implemented in integrated circuit 
10 substrate material 302 (e.g., CMOS); 

Figure 3B shows a circuit diagram associated with 
the spiral inductor illustrated in Figure 3A; 

Figure 3C shows that R1 306 and L1 308 can be 
conceptually separated into resistance Rq 310 and 
inductance 312 associated with outer spiral coils 
303, and resistance Rj 314 and inductance Lj 316 
associated with inner spiral coils 305 (where R1 306 
= R 0 310 + Rj 314, and L1 308 = 312 + L f 316); 

Figure 4 A shows an overhead perspective view of 
a spiral inductor, modified in accord with the present 
invention; 

Figure 4B illustrates a circuit diagram associated 
with spiral inductor 400 illustrated in Figure 4A; 

Figure 4C shows how outer spiral coil 402 and inner 
spiral coil 404 can be energized to create an induc- 
tor with relatively high inductance, L, and relatively 
low resistance, R, which can be utilized to provide 
an oscillator with high Q factor ; 

Figure 4D shows a circuit diagram of the circuit 
shown in Figure 4C; 

Figure 5A depicts a partially schematic quasi-circuit 
diagram which shows how the embodiment set forth 
in Figures 4A-4D can be utilized to provide an im- 
proved LC oscillator; 

Figure 5B illustrates the circuit diagram equivalent 
to the partially schematic circuit diagram of Figure 
5A. 

[0025] As mentioned above, attempts have been 
made to produce active oscillators which operate at low 
voltage levels, produce very high frequency tuneable 
output, and have relatively high Q factors, and corre- 
spondingly low time- domain "jitter." It was explained 
above that neither "ring" nor SAW-type oscillators are 
currently able to practicably achieve such low voltage 
levels, very high frequency tuneable outputs, and rela- 
tively high Q factors/low time-domain "jitter.". 
[0026] One embodiment of the present invention 
achieves such low voltage levels, very high frequency 
tuneable outputs, and relatively high Q factor/low time- 
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domain 'jitter.' However, this embodiment utilizes nei- 
ther the SAW-type oscillator nor "ring" type oscillator. 
Rather, the embodiment is a method and apparatus 
which utilize a LC (inductance-capacitance) resonator. 
[0027] This embodiment takes advantage of induct- 
ance and capacitance created within integrated circuits 
to create an oscillator which acts like a tank circuit. The 
embodiment produces high frequency oscillation which 
can be divided down to a usable frequency. The embod- 
iment can be implemented in a CMOS (complementary 
metal-oxide semiconductor) integrated circuit. The em- 
bodiment provides oscillators which operate at low volt- 
ages, provide extremely high frequency ranges (includ- 
ing, but not limited to, frequencies extending to 2-4 
GHz), have good tunability, relatively low time-domain 
■jitter," relatively high Q factors, andean currently be im- 
plemented in CMOS within a micro-meter area. 
[0028] Refer now to Figure 1 . Figure 1 shows a typ- 
ical LC oscillator circuit referred to in the art as a tuned 
oscillator, or a tuned LC oscillator, or a balanced two- 
phase tuned LC oscillator. It is desirable to implement 
the circuit shown in Figure 1 in an integrated circuit chip. 
However, but for the present invention such is not prac- 
ticable because when an attempt is made to implement 
a large inductor on an integrated circuit chip, there is 
typically associated with the large inductor a corre- 
spondingly large resistance appearing in series with the 
inductor. Thus, when the attempt is made to actually im- 
plement the LC oscillator circuit shown Figure 1, what 
is achieved is actually an RLC oscillator circuit, as is 
shown in Figure 2, rather than the desired LC oscillator 
circuit. The unintended resistance, R, has the effect of 
degrading the Q factor which would have been achieved 
had the unintended resistance not been present (that is, 
had only the LC components been present). It is essen- 
tially the unintended resistance, R, which makes the im- 
plementation of such passive LC oscillators circuits im- 
practicable but for embodiments of the present inven- 
tion. 

[0029] As has been discussed, the objective is to the 
achieve an implementation of a typical LC oscillator cir- 
cuit as shown in Figure 1 in an integrated circuit chip, 
but without the attendant resistance as is illustrated in 
Figure 2. It has been determined that a practicable ap- 
proximation of the LC oscillator circuit shown in Figure 
1 can be achieved by finding a way to achieve relatively 
high levels of inductance, L, while keeping the resist- 
ance, R, relatively low. 

[0030] It was noted in the introduction that the objec- 
tive in building active oscillators is to achieve as close 
an approximation to mathematically ideal oscillators as 
is possible. Mathematically ideal oscillators have all 
their energy concentrated at the predefined controlled 
frequency (i.e., have no time-domain jitter) and thus 
have infinite Q factor (perfection is as good as it gets). 
However, for parallel resonant circuits (or, equivalent ry, 
RLC oscillators) such as that shown in Figure 2, the 
mathematical formula for the Q factor of such circuits, 



or oscillators, is approximated by the fol towing equation 

Q=g> 0 *UR (1) 

[0031] Thus, equation 1 makes clear that in order to 
closely approximate a mathematically ideal oscillator, it 
is desirable to achieve large inductance, L, and small 
resistance, R. The present invention makes large L or 
small R possible. An embodiment where this has been 
achieved is set forth below. This embodiment involves 
producing spiral-like inductors in the single top metal 
plane, or in two or more planes (that is, if the chip is a 
multi-layer structure), where like inductors are connect- 
ed in parallel. 

[0032] Refer now to Figures 3 A. Figure 3 A illustrates 
a perspective drawing of a spiral inductor 300 imple- 
mented in integrated circuit substrate material 302 (e. 
g., CMOS). Shown is that spiral inductor 300 can be en- 
ergized by surface line 304 and via 307 in a manner well- 
known in the art. Also shown in Figure 3A is that the 
coils forming spiral inductor 300 can be grouped into 
outer spiral coils 303 and inner spiral coils 305. 
[0033] Refer now to Figures 3B and 3C. Figure 3B 
shows a circuit diagram associated with the spiral induc- 
tor illustrated in Figure 3A. Shown is that the spiral in- 
ductor has resistance R1 306 and inductance L1 308 
when driven by current source 309 which produces a 
current I of a defined magnitude and frequency. Figure 
3C shows that R1 306 and L1 308 can be conceptually 
separated into resistance R 0 310 and inductance 312 
associated with outer spiral coils 303, and resistance Rj 
314 and inductance Lj 316 associated with inner spiral 
coils 305 (where R1 306 = R 0 310 + Rj 314, and L1 308 
= 1^312 + L } 316). 

[0034] Figures 4A, 4B t 4C, and 4D illustrate one em- 
bodiment of the present invention that produces a new 
type of spiral inductor which can be utilized to produce 
Q factor enhancement of LC oscillators. The embodi- 
ment of Figures 4A, 4B, 4C, and 4D achieves this by 
making it possible to produce a good spiral inductor with 
high inductance and very low resistance. The technique 
by which this is done is referred to herein as "replica 
shielding." This technique is illustrated in Figures 4A 
and 4B. 

[0035] Refer now to Figure 4A. Figure 4A shows an 
overhead perspective view of a spiral inductor, modified 
in accord with the present invention. 
[0036] Shown in Figure 4A is a composite spiral in- 
ductor 400 implemented in integrated substrate material 
302. Composite spiral inductor 400 is composed of an 
outer spiral coil 402 and an inner spiral coil 404. Outer 
spiral coil 402 and inner spiral coil 404 are geometrically 
arranged in the same plane such that they closely ap- 
proximate outer spiral coils 303 and inner spiral coils 
305 of spiral coil inductor 300, which appears as a one- 
piece coil in Figure 3A. Shown is that outer spiral coil 
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402 can be energized by surface line 406 and via 408. 
Further shown is that inner coil 404 can be energized 
by via 410 and via 412. 

[0037] Figure 4B illustrates a circuit diagram associ- 
ated with composite spiral inductor 400 illustrated in Fig- 
ure 4A. Shown is that outer spiral coil 402 has resist- 
ance R2 414 and inductance L2 416 when driven by a 
current source operating at some defined magnitude 
and frequency Also shown is that inner spiral coil 404 
has resistance R3 420 and inductance L3 422 when 
driven by a current source operating at some defined 
magnitude and frequency. It has been found that the 
structure of composite inductor 400 can be used to pro- 
duce an inductor with relatively high inductance, L, and 
relatively low resistance, R, which can be utilized to pro- 
vide an oscillator with high Q factor. 
[0038] Shown in Figure 4C is how outer spiral coil 402 
and inner spiral coil 404 can be energized to create an 
inductor with relatively high inductance, L, and relatively 
low resistance, R, which can be utilized to provide an 
oscillator with high Q factor. Shown is that outer spiral 
coil 402 is driven by electrical current source 428 which 
produces a current l Q and that inner spiral coil 404 is 
driven by current mirror 430 which produces a current I j. 
[0039] Current mirror 430 is an electrical source which 
mimics electrical current source 428 (it has been found 
that in a preferred embodiment a crucial factor in such 
mimicking is to ensure that (1) the direction and phase 
of I; mimics as nearly as is practicable the direction and 
phase of current l 0 and that (2) the magnitude of lj be 
greater than or equal to the magnitude of l 0 ). That is, in 
a preferred embodiment inner spiral coil 404 is driven 
by current lj at least the same magnitude as and in phase 
with current l 0 driving outer spiral coil 402. 
[0040] Assume for sake of illustration that the magni- 
tude, phase, and direction of currents I, l Q , and lj have 
all been made equivalent. Thus, it can be seen that the 
idea of matching the magnitude, direction, and phase of 
the currents in outer spiral coil 402 and inner spiral coil 
404 is to closely approximate current I in the corre- 
spondent outer spiral coils 303 and inner spiral coils 305 
of one-piece spiral coil 300 is driven by current source 
309. This is a key point, in that it means that from a mag- 
netic flux standpoint, the magnetic flux linkage between 
outer spiral coil 402 and inner spiral coil 404 links to cre- 
ate an effective inductance for outer spiral coil numeral 
402 approximately equal to outer spiral coil inductance 
L Q 312 associated with outer spiral coils 303, and an ef- 
fective inductance for inner spiral coil 404 approximately 
equal to inner spiral coil inductance Lj 316 associated 
with inner spiral coils 305. Furthermore, if it is assumed 
that the number of coils in outer spiral coils 303, inner 
spiral coils 305, outer spiral coil 402, and inner spiral 
coil 404 are equal then it can be seen that 312 will 
be roughly equal to Lj 31 6, and thus that the correspond- 
ent inductance of outer spiral coil 402 and inner spiral 
coil 404 are roughly equal. 

[0041] Those skilled in the art will recognize that when 



one-piece spiral inductor 300 is driven with an electric 
current I the magnetic field at the center of one-piece 
spiral inductor 300 will be very high because every spiral 
is coupling magnetic field into the center region, when 
5 the magnetic field is high the local current density in the 
inner turns of one-piece spiral inductor 300 will also be 
very high. The current will tend to crowd in the center 
windings within the wire cross-section. This resistance 
results from the interaction of the current and the mag- 
io netic field. Further from the center, the current density 
in each wire will become more uniform. Thus, the inner 
spiral coils resistance R ; 314 contribute much larger re- 
sistance in comparison to the resistance contributed by 
outer spiral coils resistance R 0 310 of one-piece spiral 
'5 inductor 300. 

[0042] Because current sources 438 and 430 have 
been adjusted such that the electromagnetic environ- 
ment of composite spiral inductor 400 closely approxi- 
mates that of one-piece spiral inductor 300 being driven 
by current source 309, the effective resistance for outer 
spiral coil 402 approximately equal to outer spiral coil 
resistance R 0 310 associated with outer spiral coil 303, 
and an effective resistance for inner spiral coil 404 ap- 
proximately equal to inner spiral coil resistance Rj 314 
associated with inner spiral coil 305. Thus, inner spiral 
coil resistance Rj 314 will tend to be much, much greater 
than outer spiral coil resistance R 0 310. 
[0043] The utility of the foregoing is that it gives rise 
to an increase in inductance in outer spiral 402 without 
a concomitant increase in resistance. Those skilled in 
the art will recognize that it is possible to alleviate some 
of these resistive losses described for spiral inductors 
by increasing the space between spirals, but this tends 
to make the coil too wide to be of effective use in an 
integrated circuit environment as the number of turns 
increase for higher inductance. Furthermore, those 
skilled in the art will recognize that as the number of 
turns increase, the substrate losses increase because 
they are volume related. This tends to place an upper 
bound on the size of one- piece spiral inductor 300. 
There is thus a practical upper and lower bound on the 
size of one-piece inductor 300. It has been determined 
that the lower bound is mainly affected by current crowd- 
ing within the inner coils. The structure shown in Figure 
4C has given rise to a way to create an inductor which 
will approach the inductance of a one-piece inductor of 
a similar number of turns, but without the resistance as- 
sociated with the inner turns of such a one-piece induc- 
tor. 

[0044] As will be shown below, the structure of com- 
posite spiral inductor 400 can be used to achieve an os- 
cillator with higher Q than that without such an embod- 
iment of the present invention. Why this is true can be 
seen by reference to equation 1 . As shown in equation 
1 , the Q of an oscillator is directly dependent upon the 
ratio of L/R (inductance to resistance). For one-piece 
spiral inductor 300 operating as has been described 
above, this ratio can be written 
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(^one-piece inductor = (0-1 30By«R1 306)) 

or, in terms of values associated with outer spiral coils 
303 and inner spiral coils 305, 



(^one-piece inductor = « L o 312 + L i 316 >'« R o 310 + R i 314 »" 



Furthermore, since in the case discussed above 312 
is roughly equal to Lj 316, (L7R) one . piece ^^0, can be 
written as (L/R) one _ pieoe 

inductor ~ 

((2L, 312)/((R 0 310 + 

Rj314)). 

[0045] Utilizing outer coil 402 as the oscillator coil in 
the fashion described below in Figures 5Aand SB, the 
L/R ratio for such an oscillator can be written (U 
R)outer-coii inductor = (fl-o 31 2)/((R 0 310)), or, equivalently, 

(^R)outer-coil inductor = 

((2L 0 312)/((R 0 310 + R 0 310)). 
[0046] It has been discussed that Rj 314 will always 
be greater than R 0 310. Thus, comparison of (U 

RWpiece inductor with (^ R )outer-coil inductor reveals that 

(L/RJoutewsoii i„docior win always be greater than (U 

R )one-piece inductor Tnus - since Q = <°0 * UR, the Q foran 

oscillator utilizing as its inductive element outer-coil 402 
of composite inductor 400 inductor being operated as 
described in relation to Figure 4C, will always be greater 
than the Q of an oscillator utilizing as its inductive ele- 
ment one-piece inductor 300. 

[0047] Refer now to Figure 4D. Figure 4D shows a 
circuit diagram of the circuit shown in Figure 4C. Shown 
is that outer spiral coil 402 has effective resistance R4 
434 approximately equal to resistance outer spiral coils 
resistance R Q 310 and inductance L4 436 approximately 
equal to outer spiral coils inductance 1^312. Also shown 
is that inner spiral coil 404 has resistance R5 439 ap- 
proximately equal to inner spiral coils resistance Rj 314 
and inductance L5 441 approximately equal to inner spi- 
ral coils inductance Lj 316. 

[0048] With the help of Figure 4D, it can be seen that 
the configuration shown in Figure 4C concentrates 
most the resistance of one-piece spiral inductor 300 into 
resistance R5 439 of the inner spiral coil 404, while leav- 
ing resistance R4 434 of outer spiral coil 402 relatively 
low. That is, in the structure shown in Figure 4C the ma- 
jority of the losses are built into inner coil 404, by use of 
the "replica circuit" composed of inner coil 404 driven by 
current mirror 428. Inner coil 404 will not be part of the 
oscillator inductance. 

[0049] Refer now to Figure 5 A. Figure 5 A depicts a 
partially schematic quasi-circuit diagram which shows 
how the embodiment set forth in Figures 4A-4D can be 
utilized to provide an improved LC oscillator. Shown in 
Figure 5A is LC oscillator 500. LC oscillator 500 is es- 
sentially the oscillator shown in Figure 2, but with the 
resistive inductive elements of the oscillator of Figure 2 
replaced with the embodiment set forth in Figure 4C. 
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[0050] In Figure 5A, outer coil 402 and inner coil 404 
are shown in plan view. Oscillator current is supplied 
from source 502 which serves to supply current to 
outer spiral coils 402 in a fashion analogous to that of 
s current source 428 described earlier, which only directly 
feeds outer spiral coils 402. A current mirror source (not 
shown), serves to supply current to inner spiral coils 404 
oscillator current sources 428 in a fashion analogous to 
that of current source 428 described earlier. The current 
10 mirror source is used to drive inner spiral coils 404 such 
that the current in each inner spiral coil 404 is of greater 
than or equal magnitude, in the same direction as, and 
in phase with the current in its correspondent outer spiral 
coil 402. The rest of LC oscillator 500 is as was illustrat- 
es ed in Figure 2. 

[0051] Those skilled in the art will recognize that there 
are many ways to configure a mirror current source such 
that the currents in an inner coil 404-outer coil 402 pair 
are such that the current in inner coil 404 is of greater 
20 than or equal magnitude, in the same direction as, and 
in phase with the current in outer coil 402. One such way 
is to use a quadrature oscillator and current sources 
controlled by quadrature phases to produce currents 
such that currents in each inner and outer coil pair will 
25 match in phase, such as that disclosed in pending Unit- 
ed States patent application 08/01 32B0, Apparatus 
and Method for Frequency Tuning a LC Oscillator In 
a Integrated Circuit. 

[0052] Refer now to Figure 5B Figure 5B illustrates 
30 the circuit diagram equivalent to the partially schematic 
circuit diagram of Figure 5A. Shown is that the resulting 
circuit diagram is essentially the same as that of the Fig- 
ure 2, but with the inductors of the circuit diagram shown 
Figure 2 replaced with the resulting equivalent circuit 
35 shown for outer coil 402 in Figure 4D. 



An integrated circuit comprising: 
a substrate; and 

a composite inductor having at least a first coil 
with an associated first coil inductance and first 
coil resistance and a second coil with an asso- 
ciated second coil inductance and second coil 
resistance, with the first coil and the second coil 
formed in said substrate such that when a cur- 
rent in the first coil is matched with a current in 
the second coil, a new inductance associated 
with the first coil is produced that is in excess 
of the first coil inductance. 

An integrated circuit as claimed in Claim 1 , wherein 
said composite inductor further includes, when the 
current in the first coil is matched with the current 
in the second coil, a new resistance associated with 
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the first coil which is substantially the same as or 
less than the first coil resistance. 

3. An integrated circuit as claimed in Claim 1 , wherein 
the first coil further includes an outer spiral coil 
formed in said substrate. 

4. An integrated circuit as claimed in Claim 3, wherein 
the second coil further includes an inner spiral coil 
formed in said substrate such that said inner spiral 
coil is formed in parallel with and is encompassed 
within said outer spiral coil and such that a magnetic 
flux of said outer spiral coif will link to a magnetic 
flux of said inner spiral coil. 

5. An integrated circuit as claimed in Claim 4, further 
comprising: 

a first electrical power source, electrically con- 
nected to said outer spiral coil, which produces 
a current in said outer spiral coil; and 

a second electrical power source, electrically 
connected to said inner spiral coil, which pro- 
duces a current within said inner spiral coil 
which mirrors the current produced in said outer 
spiral coil by said first electrical power source. 

6. An integrated circuit as claimed in Claim 5, further 
comprising a quadrature current generating electri- 
cal power source from which said first and said sec- 
ond electrical power sources may be derived. 

7. An oscillator implemented in an integrated circuit, 
said oscillator comprising: 

a substrate; 

a composite inductor having at least a first coil 
with an associated first coil inductance and first 
coil resistance and a second coil with an asso- 
ciated second coil inductance and second coil 
resistance, with the first coil and the second coil 
formed in said substrate such that when a cur- 
rent in the first coil is matched with a current in 
the second coil, a new inductance associated 
with the first coil is produced that is in excess 
of the first coil inductance; and 

at least one capacitor formed in said substrate 
such that said at least one capacitor is an elec- 
trical connection with the first coil of said com- 
posite inductor and such that an electronic os- 
cillator is formed. 

8. An oscillator as claimed in Claim 7, wherein said 
composite inductor further includes, when the cur- 
rent in the first coil is matched with the current in the 
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second coil, a new resistance associated with the 
first coil which is substantially the same as or less 
than the first coil resistance. 

s 9. An oscillator as claimed in Claim 7 t wherein said 
first coil further includes an outer spiral coil formed 
in said substrate. 

10. An oscillator as claimed in Claim 9, wherein said 
10 second coil further includes an inner spiral coil 

formed in said substrate such that said inner spiral 
coil is formed in physical parallel with and is encom- 
passed within said outer spiral coil and such that a 
magnetic flux of said outer spiral coil will link to a 
15 magnetic flux of said inner spiral coil. 

11. An oscillator as claimed in Claim 10, further com- 
prising: 

20 a first electrical power source, electrically con- 

nected to said outer spiral coil, which produces 
a current in said outer spiral coil; and 

a second electrical power source, electrically 
2$ connected to said inner spiral coil, which pro- 

duces a current within said inner spiral coil 
which mirrors the current produced in said outer 
spiral coil by said first electrical power source. 

30 12. An oscillator as claimed in Claim 11, further com- 
prising a quadrature current generating electrical 
power source from which said first and said second 
electrical power sources may be derived. 

35 13. A method for forming in an integrated circuit sub- 
strate a first coil having an associated first coil in- 
ductance and first coil resistance and a second coil 
having an associated second coil inductance and 
second coil resistance such that a new inductance 
40 associated with the first coil is produced which is 
substantially greater than the first coil inductance 
and such that a new resistance associated with the 
first coil is produced which is substantially the same 
as or less than the first coil resistance, said method 
45 comprising steps of: 

forming a first coil in the integrated circuit sub- 
strate; 

so forming a second coil in the integrated sub- 

strate such that said second coil is proximate 
to said first coil and such that a magnetic flux 
from said formed first coil will link with a mag- 
netic flux of said formed second coil; 

ss 

connecting a first electrical power source to the 
first coil; 
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connecting a second electrical power source to 
the second coil; and 

energizing said first and second electrical pow- 
er sources such that the currents in the first and £ 
second coils are matched. 

14. A method as claimed in Claim 1 3, wherein said step 
of forming the first coil further includes the step of 
forming an outer spiral coil. 10 

15. A method as claimed in Claim 14, wherein said step 
of forming the second coil proximate to said first coil 
further includes the step of forming an inner spiral 
coil in parallel with and encompassed within the out- '5 
er spiral coil. 

16. A method as claimed in Claim 15, further compris- 
ing the steps of: 

20 

connecting electrically at least one capacitor to 
the outer coil; 

connecting an electrical source as input the at 
least one capacitor in electrical connection with 25 
the outer coil such that an oscillator can be 
formed. 

1 7. A method as claimed in Claim 1 6, wherein said step 

of connecting further includes the step of forming a 30 
tuned oscillator. 
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